Copper chemical vapor deposition using Cu-hexafluoroacetylacetonate (hfac) trimethylvinylsilane (TMVS) as precursor was performed in a cold-wall low pressure chemical vapor deposition (CVD) reactor. The design and operation of the reactor are described. Copper deposition on thermal SiO2, W, and CoSi 2 substrate surfaces was investigated over the temperature range of 160-300~ and pressure range of 10-1000 mTorr. The activation energies of Cu CVD were determined to be 13.33 and 11.54 kcal/mole for the W and CoSi 2 substrates, respectively. The dependence of film resistivity, grain size, and growth rate on deposition pressure and temperature were also investigated. The film uniformity was found to be better than ten percent over a 4-inch diameter substrate. Experimental results also show that selective deposition can be achieved at a pressure of 10 mTorr within the temperature range of 160-200~ In addition, hydrofluoric acid dipping was found to modify the SiO 2 surface and influence the copper deposition on it.
INTRODUCTION
Aluminum and aluminum alloys have been widely used as interconnect material in very large scale integrated (VLSI) circuits. However, as circuits step into the ultra large scale integration (ULSI) era, devices are being scaled down, multilevel interconnection structures are becoming more complex, and interconnection lines are becoming thinner and narrower. Because of these changes, the use of aluminum as metallization at deep submicron levels faces reliability and performance challenges. 1,2 In addition, in the ULSI era, the metallization process will need to provide good step coverage and deep via hole filling for multilevel interconnect structures. Hence, a new metallization process which can meet both more rigorous material and process requirements is needed for future ULSI application.
Copper chemical vapor deposition (Cu CVD), which not only deposits low resistivity Cu film but also provides good step coverage and via hole filling with (Received August 3, 1993; revised December 8, 1993) a high aspect ratio, is now widely regarded as a potential metallization process for future deep submicron interconnections2 -6 In addition, the possible selective deposition of Cu CVD offers an alternative approach to solving the dry etching problem of Cu and increasing the integration tolerance of Cu with other processes.
The development of a Cu CVD process will depend on the evolution of copper precursors. Many metalorganic copper sources have been developed for Cu CVDY -9 Recently, many studies have focused on the Cu'RL group, which can deposit clean, conformal, and low resistivity copper film in the absence of a reducing gas at a temperature of as low as 400K. 1~ The reaction for the CuIRL precursor proceeds on the substrate surface by a facile disproportionation has been done on this source, and researchers have improved its ability to selectively deposit pure and low resistivity copper film at relatively low temperatures. However, experimental results have shown that the selectivity is very sensitive to process parameters. Temperature, pressure, and substrate surface treatment all have a profound effect on the selective behavior. Therefore, it is not easy to define the selective window exactly although several deposition mechanisms have been proposed.~5-17 In order to control the selective window and achieve the better reproducibility required for circuit processing, a more detailed understanding of the deposition mechanism and the effects of the process parameters is needed.
In the study reported here, we constructed a coldwall low pressure (LP) CVD system and obtained preliminary results for Cu CVD using Cu(hfac)TMVS as the precursor. The effects of temperature, pressure, and substrate surface treatment on the deposition selectivity were investigated. The activation energies of Cu deposition from the Cu(hfac)TMVS precursor on W and CoSi 2 substrates were determined. The dependence of the deposition rate on pressure was employed to evaluate the possible deposition mechanism on different substrates. The results of electrical and material analyses of the CVD Cu film are also presented.
EXPERIMENTAL PROCEDURE
The Cu CVD system used in this study is shown in a schematic diagram in Fig. 1 . The system consists of three main parts: (1) source and delivery line, (2) reaction chamber, and (3) sample loading chamber. Table I lists the basic specifications of this vertical reactor CVD system. The Cu source used in this work was a liquid metalorganic compound, Cu(hfac)TMVS, which was contained in a stainless steel container immersed in a heating bath. The heating bath kept the source at a constant temperature so as to provide the desired vapor pressure of the precursor. To avoid decomposition or condensation of the liquid source in the delivery line, the stainless steel delivery line was heated to 60~ using resistive heating tape. This temperature was slightly higher than the bath temperature but not high enough to induce decomposition of the precursor.
The main features of the reaction chamber are a disk-shaped substrate holder and a porous gas injector. A resistive heating element was housed in the holder, and a substrate carrying susceptor was placed on the holder's top surface. Resistive heating was employed to heat the susceptor. A thermocouple embedded in the inner wall of the substrate holder was used to measure the temperature of the substrate holder. The actual substrate temperature was measured by a thermocouple cemented onto a Si wafer placed on the susceptor. Thus, a calibration curve relating the substrate temperature with the holder temperature can be prepared, and the substrate temperature could easily be obtained by using the calibration curve. The substrate holder could be rotated with an angular velocity of up to 100 rpm. The holder could also be moved in the vertical direction to adjust the distance between the gas injector and the substrate holder. The porous injector was designed to provide a uniform gas flow pattern for uniform film deposition in a vertical reactor. TM Because the injector was located above the susceptor, it was heated by the heated susceptor. In order to prevent the precursor from decomposing in the injector, the injector was cooled on the backside by cooling water. Cooling water also passed through the cylindrical wall of the reactor to keep the wall temperature at 20~
To reduce the water vapor and impurity contamination in the reaction chamber, a turbomolecular pump was employed to pump the chamber down to a base pressure of 10 -7 Torr before the source was delivered into the chamber. The pumping system is capable of pumping the chamber down to 104 Torr. This pumping was performed whenever the reaction chamber has been exposed to air. The pressure in the vacuum system was measured using a Pirani and a cold cathode gauge. A calibrated capacitive pressure gauge was used to measure the pressure in the 0.01-100 Torr range during deposition. The operating pressure was controlled by an auto pressure control (APC) system. The APC is composed of a capacitive pressure gauge, a throttle valve, and a control unit. The control unit adjusts the angle of the throttle valve to control the flux of molecules according to the pressure measured by the capacitive pressure gauge.
A loadlock system was designed to prevent the reaction chamber from contamination during sample transport in and out of the reaction chamber. The sample and the susceptor were first loaded into the
